C
ats are naturally resistant to infection with Dirofilaria immitis, resulting in a relatively low worm burden, few reproductively active female worms, and rare microfilaremia, compared with results for infected dogs. [1] [2] [3] In some populations of cats in endemic areas, heartworm exposure determined on the basis of seroconversion is estimated at 13% to 15%, with adult heartworm infection detected during necropsy in 4% to 5% of cats. [4] [5] [6] Cats may be seropositive for antibodies to heartworms as a result of concurrent infection with adult heartworms, a recently cleared adult heartworm infection, ectopic infection, or exposure to heartworms, regardless of whether the cats are being administered a heartworm preventative. 7 Adult heartworms are usually located within the right ventricle and large pulmonary arteries, inducing lesions that include villous endarteritis, intimal fibrosis, endothelial hyperplasia, medial hypertrophy, and thrombosis. However, small pulmonary arteries where adult heartworms are seldom found are often characterized by severe hypertrophy and hyperplasia of smooth muscle within the tunica media. 8 Other agents, such as Aelurostrongylus abstrusus and Toxocara cati, and unidentified noninfectious factors can induce similar changes. 3, [8] [9] [10] [11] [12] [13] [14] [15] [16] It is possible that pulmonary arterial hypertrophy in cats represents a common pathologic response to hypersensitivity. 11 We are not aware of studies on the pathologic importance of seropositivity to heartworms in cats that lack cardiopulmonary heartworm infection. The rationale for conducting the study reported here was that if heartworm seropositivity alone were associated with pulmonary arterial hypertrophy, then heartworm exposure (even in cats that fail to establish persistent adult infection) may be responsible for subclinical pulmonary vascular disease. We tested the hypothesis that heartworm-negative and antibody-positive cats would have a greater prevalence and severity of medial hypertrophy of small pulmonary arteries than cats from the same environment that lacked evidence of heartworm infection or exposure to heartworms.
Materials and Methods
Sample population-A population of 630 adult cats from a municipal animal shelter were used in the study.
Objective-To determine the prevalence and severity of pulmonary arterial lesions in cats seropositive for heartworms (Dirofilaria immitis) but lacking adult heartworms in the heart and lungs during necropsy. Animals-630 adult cats from an animal control shelter in Florida. Procedure-Cats were tested for adult heartworms in the heart and pulmonary arteries and antibody against heartworms in the serum. Histologic examination was conducted on the right caudal lung lobe of 24 heartworm-and antibody-positive cats; 24 heartworm-negative and antibody-positive cats; and 24 heartworm-, antibody-, and antigen-negative cats. Wall areas of 10 small to medium-sized pulmonary arteries of each cat were measured and expressed as a proportion of total cross-sectional area. Results-Heartworm infection or seropositive status was significantly and strongly associated with severity of medial hypertrophy of pulmonary arterial walls. Heartworm-and antibody-positive cats and heartworm-negative and antibody-positive cats had a significant increase in wall thickness, compared with wall thickness for heartworm-and antibody-negative cats. Heartworm-and antibody-positive cats had the most severe hypertrophy. The proportion with occlusive medial hypertrophy was significantly higher in heartworm-and antibody-positive cats (19/24 [79%]) and heartworm-negative and antibody-positive cats (12/24 [50%] ), compared with heartworm-and antibody-negative cats (3/24 [13%] ). Conclusions and Clinical Relevance-Cats with serologic evidence of exposure to heartworms, including those without adult heartworms in the lungs and heart, have a greater prevalence of pulmonary arterial lesions than heartworm-negative cats without serologic evidence of exposure. Additional studies are needed to define the pathogenesis, specificity, and clinical importance of these lesions. These cats were euthanatized by IP administration of sodium pentobarbital (100 mg/kg). 4 Collection of samples-A blood sample (20 to 30 mL) was collected from the thoracic vena cava of each cat within 2 hours after it was euthanatized. Blood samples were centrifuged and serum harvested. Each serum sample was tested for antibodies against heartworms by the use of 2 to 6 antibody tests.
b-g A cat was considered to have positive results for antibodies against heartworms only when ≥ 2 antibody tests yielded positive results. Serum was also tested for heartworm antigen by the use of 3 to 6 antigen tests.
h-m Within 2 hours after each cat was euthanatized, the heart and lungs were removed en bloc for examination. The cardiac chambers and right and left pulmonary arteries were examined for heartworms. Other tissues were not examined. The right caudal lung lobe from each cat was removed and fixed in 10% formalin (pH, 7.4).
Histologic and morphometric examinations-
Complete oblique sections of the right caudal lung lobe were removed in a plane parallel to the caudal lobar pulmonary artery and bronchus. Sections included regions in which lesions of heartworm infection are most severe in cats. 17 Tissues were routinely processed, embedded in paraffin, and sectioned at a thickness of 5 µm. Sections were mounted on glass slides n and stained with H&E. Sections from each lung were evaluated by use of routine histologic examination to exclude confounding diseases.
An investigator (TDC) who was unaware of the heartworm status of each cat collected morphometric data from randomized glass slides. Ten small to medium-sized pulmonary arteries were randomly chosen on the basis of their association with bronchioles. For purposes of this study, bronchioles were defined as having columnar to cuboidal epithelium, no mucus-secreting goblet cells, and no associated cartilage. When 10 arteries associated with bronchioles could not be found in a section, arteries of comparable size that were not associated with bronchioles were chosen for analysis.
Images were acquired at 100X magnification by use of a digital camera o and specialized software. p The perimeter of each vessel was traced and the pixel area calculated by use of computer software.
q The luminal area was determined in a similar manner, and the data were imported into a spreadsheet.
r The difference between total arterial area and luminal area was defined as the wall area. Wall area was then expressed as a proportion of the total arterial area. After calculations were completed, the source of the slides was revealed and data were organized for statistical analysis.
Statistical analysis-Data for each vessel were subjected to the arcsine transformation 18 so that the response variable (ie, ratio of arterial wall area to total arterial area) was normally distributed within each group of cats (ie, category of heartworm infection). Groups included heartworm-and antibody-positive cats, heartworm-negative and antibodypositive cats, and heartworm-and antibody-negative cats. Mean values for the 10 measured vessels were calculated for the lung sections of each cat. Values for the 3 groups were then compared by use of a 1-way ANOVA s to test the null hypothesis that all groups were equal. When a significant (P < 0.05) difference was detected, a Dunnett pairwise comparison was performed. Severity of hypertrophy was arbitrarily classified as occlusive (ratio for wall area to total arterial area ≥ 0.95) or nonocclusive (ratio for wall area to total arterial area < 0.95). Distribution between severity categories among groups was compared by use of a χ 2 independence test followed by a Fisher exact test for pairwise comparisons.
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Results
Groups of cats-In the population of 630 cats used in the study, 31 (4.9%) were found during necropsy to harbor adult heartworms in the heart or pulmonary arteries. 4 Another 61 (9.7%) cats lacked cardiopulmonary adult heartworms and detectable heartworm antigen but had positive results for ≥ 2 antibody tests. A group of 523 (83%) cats had no evidence of heartworm infection or exposure (ie, heartworm-, antibody-, and antigen-negative). The remaining 15 cats were excluded from the study because of inconsistent serologic results (eg, a single antibody test yielded a positive result, but there was a lack of cardiopulmonary heartworms, or an antigen test yielded positive results, but there was a lack of cardiopulmonary heartworms or detectable antibodies). Of the 31 cats with cardiopulmonary adult heartworms, 24 lacked other parasitic infections and had suitably preserved pulmonary tissue for histologic evaluation. Those 24 sera all yielded positive results for antibodies against heartworms for at least 2 tests, and 23 of 24 (96%) had detectable heartworm antigen for at least 1 test (Table 1) . For comparison, 24 cats were randomly Values for each category did not differ significantly (P Ͼ 0.05) among groups of cats. *Cats were classified on the basis of detection of adult heartworms in the heart or large pulmonary arteries during necropsy and positive results for antibodies against heartworms by use of at least 2 tests. †Sex listed as sexually intact and neutered. ‡Strays did not have a known owner, compared with cats relinquished to the shelter by an owner. §Estimated on the basis of dental examination of 39 cats obtained during 1998. Ages were not estimated for cats obtained during 2001. Cats were defined as young (Ͻ 1 year old) or mature (Ͼ 1 year old). ll Includes 23 cats that had positive results for heartworm antigen by use of at least 1 test. ¶Origin of 1 cat was not known.
selected from the 61 cats that lacked adult heartworms in the heart or pulmonary arteries and whose sera had positive results for antibodies against heartworms for at least 2 tests and negative results for heartworm antigen. A negative-control group of 24 cats was randomly selected from the 523 cats that lacked cardiopulmonary adult heartworms and were seronegative for antibodies against heartworms and heartworm antigen by use of all tests. Sex distribution of the negative-control group approximated that of the heartworm-and antibody-positive group. To test for potential bias introduced by having groups with uneven distribution of sex, origin, or age, each factor was assessed for its association with medial hypertrophy, and none was found to be significantly associated.
Histologic examination-Cats with adult heartworms consistently had pulmonary changes characterized by intimal proliferation, eosinophilic endarteritis, intimal fibrosis, and disruption of the internal elastic lamina. These changes were generally not found in cats from the antibody-positive and heartworm-negative or antibody-and heartworm-negative groups. Two cats had lesions indicative of A abstrusus infection and were excluded from the study.
Occlusive hypertrophy of small pulmonary arteries-Within the small pulmonary arteries, the ratio of wall area to total arterial area was significantly (P < 0.001) associated with heartworm status. The 24 heartworm-negative and antibody-positive cats had mean ratios of 0.71 (95% confidence interval [CI], 0.66 to 0.76; Figure 1 ). This was significantly greater than the mean ratios for the heartworm-and antibodynegative cats (0.65; 95% CI, 0.59 to 0.71). The 24 cats with adult heartworms in the pulmonary arteries and right ventricle detected during necropsy had a significantly (P = 0.01) higher ratio with a mean of 0.84 (95% CI, 0.80 to 0.89). Thus, cats with antibodies against heartworms but no evidence of adult infection during necropsy had an intermediate degree of pulmonary medial hypertrophy between results for cats that harbored adult heartworms and cats that lacked evidence of heartworm exposure.
In addition to the proportionate increase in thickness of the pulmonary arterial wall of heartworm-and antibody-positive cats and heartworm-negative and antibodypositive cats, microscopic examination revealed many vessels with luminal occlusion attributable to filling of ≥ 95% of the arterial area by the tunica media (Figure 2) . Such vessels were designated as having occlusive hypertrophy. When the 3 groups of cats were compared, a significant (P < 0.001) association was discovered between frequency of occlusive hypertrophy and heartworm infection or seropositive status for antibodies (Figure 3) .
The heartworm-negative and antibody-positive group contained 12 of 24 (50%) cats with at least 1 vessel that had occlusive hypertrophy, which differed significantly (P = 0.006), compared with 3 of 24 (13%) cats in the negative-control group. Cats with adult heartworms had the highest frequency of occlusive hypertrophy (19/24 [79%]), which differed significantly, compared with the frequency for seropositive (P = 0.034) and seronegative (P < 0.001) cats. The percentage of arteries affected by occlusive hypertrophy did not exceed 20% in heartworm-and antibody-negative cats or 40% in heartworm-negative and antibodypositive cats. In contrast, most heartworm-and antibody-positive cats had occlusive hypertrophy in > 40% of the small pulmonary arteries (Table 2) . 1546 AJVR, Vol 66, No. 9, September 2005 Figure 1 -Mean (diamonds), 95% confidence intervals (gray boxes), and 99% confidence intervals (T bars) for the ratio of the pulmonary arterial wall to total arterial area in 3 groups of cats. Ten small to medium-sized pulmonary arteries were randomly selected and quantified from each lung, the mean value was calculated for each cat, and group means were then calculated. *, †Ratio for wall thickness is significantly (*P < 0.05; †P = 0.01) higher, compared with values for heartworm-and antibody-negative cats. 
Discussion
Heartworm infection of cats is characterized by low worm burdens, transient microfilaremia, and short life span of heartworms, compared with characteristics of heartworm infection in dogs. 2, 3 As a result, diagnosis of heartworm infection in cats usually relies on serologic detection of heartworm antigen or antibodies against heartworm antigen. In a serologic survey of naturally infected cats, postmortem evaluation of the heart and lungs revealed that 4.9% of cats harbored adult heartworms, whereas 14.8% had at least 2 positive results on antibody tests. 4 Thus, approximately 10% of cats harbor antibodies against heartworms but lack evidence of cardiopulmonary infection. 4, 5 These cats may be concurrently infected with ectopic adult heartworms, be infected with fourth-or fifth-stage larvae, be recently exposed to heartworm antigen, or have false-positive results for antibody tests. 20 To determine whether heartworm-negative and antibody-positive cats had pulmonary arterial lesions, we compared vascular measurements from 3 groups of cats: those with heartworms in the heart and pulmonary arteries, those without cardiopulmonary heartworms but with antibodies against heartworms, and those without cardiopulmonary heartworms and without antibodies against heartworms. In the study reported here, we found that the heartworm-negative and antibody-positive cats had an increased prevalence and severity of pulmonary arterial lesions, compared with results for cats without evidence of heartworm infection or exposure to heartworms.
It is possible that medial hypertrophy of the small pulmonary arteries in exposed cats represents a pathologic response to transient heartworm infection. The first detectable pulmonary lesions of D immitis infection include arteritis, pneumonitis, and hypertrophy of smooth muscle cells in the tunica media of small pulmonary arteries, which are likely attributable to pulmonary embolization of fifth-stage larvae before the establishment of infection with adult heartworms. 3, 9, 10 However, medial hypertrophy of pulmonary arteries appears to represent a common pathologic response to a number of infectious or undefined agents. 8, 14, 15 It has been suggested 11 that an antibody response to parasitic antigen could initiate a local anaphylactic reaction leading to arterial spasms and myocyte proliferation. Alternatively, prolonged endothelial activation or hemodynamic changes could stimulate hyperplasia and hypertrophy of smooth muscle cells in the tunica media. 21 Endothelial cells in the lungs of cats respond to changes in blood flow rate and blood pressure by producing vasoconstrictors, such as endothelin-1. 22 Other vasoactive cytokines may be produced by pulmonary intravascular macrophages, which appear to become activated in cats injected IV with dead adult heartworms. 23 It has been proposed 24 that regional differences in pulmonary arterial vasoconstriction in cats divert blood flow away from sites of reduced pulmonary perfusion in response to pulmonary arterial thrombosis. We hypothesize that the medial hypertrophy reported in cats harboring adult heartworms is initiated by an exaggerated physiologic response to hemodynamic changes, activation of endothelial cells or pulmonary intravascular macrophages, vascular inflammation, or thrombosis associated with heartworm infection. Analysis of results of the study reported here suggests that there is a similar but less severe process in heartworm-exposed cats.
Because of the relatively high prevalence of pulmonary arterial hypertrophy in cats, we needed to establish relatively stringent serologic criteria for heartworm infection or exposure to heartworms. All serum samples were tested by use of 2 to 6 heartworm antibody tests, and only cats with at least 2 positive results were included in the heartworm-negative and antibodypositive group. Moreover, heartworm antigen was measured by use of 3 to 6 heartworm antigen tests, and cats with a single positive test result were excluded from the heartworm-negative and antibody-positive and heartworm-and antibody-negative groups. The combination of antigen and antibody testing provides the greatest sensitivity for the detection of heartworm infection and offers an extremely high negative predictive value. 20 Because of the lack of a complete necropsy, these features provided a reasonable degree of assurance that the heartworm-negative and antibody-positive cats (0/24 cats had positive results for heartworm antigen) lacked adult heartworms or had substantially lower worm burdens, compared with worm burdens for the heartwormand antibody-positive group (23/24 cats had positive results for heartworm antigen). The resulting 3 groups varied slightly in the distribution of sex, origin, and estimated age. However, none of these factors was associated with pulmonary arterial hypertrophy ( Table 1) . 0  2 1  1 2  5  1  1  5  1  2  2  3  0  3  0  3  3  4  0  1  4  5  0  0  3  6  0  0  3  7  0  0  1  8  0  0  2  9  0  0  2  10 0 0 0 *Occlusive hypertrophy was defined as a ratio for the arterial wall area to total arterial area = 95%. †Represents the number of small pulmonary arteries with occlusive hypertrophy in each cat; we examined 10 arteries/cat. See Table 1 for key.
A weakness of our study was that fecal examinations were not performed to control for other parasitic infections, including T cati or A abstrusus, that have been associated with pulmonary medial hypertrophy in cats. Fecal examination has been used t to document a prevalence of 11% for T cati infestation in shelter cats from central Florida. In the study reported here, lung samples harboring parasitic eggs or larvae indicative of these infections were excluded. Because the larvae of T cati transiently migrate through the hepatopulmonary vasculature soon after infection, medial hypertrophy of the pulmonary arteries may persist after clearance of discernible larvae. Hence, the impact of T cati on the development of medial hypertrophy of pulmonary arteries would have been underestimated. However, given the lack of measurable group bias with respect to age, sex, or origin, the prevalence of T cati infection should have been distributed evenly among all groups of cats, resulting in a similar effect irrespective of heartworm status.
Another parasite associated with medial hypertrophy is the lungworm, A abstrusus, which resides in the respiratory tract (bronchioles and alveolar ducts) of cats and produces eggs and larvae that incite an intense granulomatous pneumonia. Such lesions are readily identified grossly as pulmonary nodules 1 to 10 mm in diameter. Two of 141 (1.4%) cats from the same shelter had gross or histologic evidence of A abstrusus infection, t which supports the observation that A abstrusus rarely completes the life cycle in central Florida. Thus, A abstrusus infection was probably of minimal etiologic importance to medial hypertrophy measured in the study.
A second limitation of the study was the possibility that postmortem collection of blood samples for serum harvest may have influenced results of serologic testing. Results of heartworm antibody tests conducted by use of antemortem and postmortem blood samples revealed that 36.5% were seropositive for antibodies against heartworms when there was a postmortem interval of 8 to 16 hours before sample collection, compared with 23.5% seropositive for antemortem samples. 25 However, the postmortem interval in that study was substantially longer than the 2-hour interval for the study reported here. The impact of a short postmortem interval before collection of samples on serologic results is unknown.
To our knowledge, this is the first time that pulmonary vascular lesions have been documented at a higher prevalence and severity in heartworm-exposed cats, compared with lesions in cats without evidence of exposure or infection. Given the unique response of pulmonary arteries of cats to inflammatory stimuli, additional studies will be necessary to investigate the persistence of pulmonary arterial hypertrophy in seropositive cats and the effects of these changes on pulmonary function. Analysis of our findings suggests that exposure to D immitis, even if they are not mature heartworms, is associated with pathologic changes in the pulmonary arteries. 
